Several wild-type strains of Rhizobium meliloti isolated from alfalfa nodules exhibited different plasmid profiles, yet did not differ in growth rate in yeast-mannitol medium, utilization of 43 different carbon sources, intrinsic resistance to 14 antibiotics, or detection of 16 enzyme activities. In contrast, three measures of effectiveness in symbiotic nitrogen fixation with alfalfa (shoot length, dry weight, and nitrogen content) indicated that R. meliloti SAF22, whose plasmid profile differs from those of the other strains tested, is significantly less effective than other wild-type strains in symbiotic nitrogen fixation. Light microscopy of nodules infected with strain SAF22 showed an abnormal center of nitrogen fixation zone III, with bacteria occupying a smaller portion of the infected host cells and vacuoles occupying a significantly larger portion of adjacent uninfected host cells. In contrast, the effective nodules infected with other wild types or plasmid pRmSAF22c-cured segregants of SAF22 did not display this cytological abnormality.
In many wild-type strains of rhizobia, a large portion of the genome resides on plasmids. In Rhizobium meliloti, the genes coding for nodulation and nitrogen fixation and certain steps in exopolysaccharide synthesis are located in symbiotic megaplasmids designated pSym. Together with pSym coexist other cryptic plasmids which vary in number and have molecular weights ranging from 30 ϫ 10 6 to Ͼ200 ϫ 10 6 (3, 7, 18) . Little is known about the functions of these plasmids in Rhizobium spp., although their stability (31) suggests that they are important. Some investigators have established a relationship between certain cryptic plasmids and exopolysaccharide production (2, 17) , melanin production (11) , utilization of certain carbon sources (1, 26) , and bacterial growth (8, 10, 27) . Other attempts have been made to link the occurrence of cryptic plasmids and certain symbiotic characteristics such as competitiveness (6, 18) , infectivity (23) , and effectiveness (2, 14, 16, 18, 24, 27) . Whereas some studies indicate a positive involvement of certain cryptic plasmids in both saprophytic and symbiotic activities of Rhizobium spp., others suggest a negative involvement, and in most cases such involvement is not even found. For R. meliloti GR4, it was found that one of the cryptic plasmids (pRmeGR4b) has a positive effect on nodulation capacity (28) , and a region of approximately 5 kb has been characterized and named nfe (nodule formation efficiency) (23) . Recent studies have shown that copies of symbiotic genes are present in certain cryptic plasmids (4, 14, 20, 23) , which could account for their positive role in symbiotic functions.
The aim of the present work was to investigate the involvement of cryptic plasmids of R. meliloti SAF22 in selected phenotypic characteristics expressed in vitro and in root nodule symbiosis with its usual host, alfalfa.
(Part of this work was presented at the 12th International Congress on Nitrogen Fixation [29] ).
Several wild-type strains of R. meliloti were isolated by standard methods (30) from effective nodules of alfalfa cultivated at different locations in the province of Salamanca, Spain. Their plasmid profiles were analyzed by vertical (13) and horizontal (19) electrophoresis, using 0.7% agarose gels, and calibrated with the reference strain R. meliloti GR4, which harbors two cryptic plasmids of 140 and 114 MDa (28) . Wild-type strains of R. meliloti had pSym plasmids with a molecular weight above 1,400 ϫ 10 6 and exhibited three different plasmid profiles distinguished by the presence or absence of various smaller sized cryptic plasmids (Fig. 1A) . Strain SAP11 lacked cryptic plasmids (profile 3), strain SAN02 had a cryptic plasmid of 140 MDa (pRmeSAN02a) (profile 2), and strain SAF22 harbored three cryptic plasmids of 100 (pRmeSAF22a), 114 (pRmeSAF22b), and 140 (pRmeSAF22c) MDa (profile 1). The nomenclature system of Casse et al. (9) was used for naming the plasmids.
Two types of plasmid-cured segregants of strain SAF22 were obtained by growth on TY medium (5) at 40 and 42ЊC for 3 to 11 days (32) (Fig. 1B) . One segregant, represented by strain SAF547, still harbored pSym and pRmeSAF22a but was cured of both pRmeSAF22c and pRmeSAF22b. Another segregant (strain SAF5118) was cured of only pRmeSAF22c. Heat-cured segregants of pRmeSAF22a were not obtained.
The effects of alterations in these cryptic plasmids on various physiological traits were examined in vitro. For growth studies in YMB (30), inocula were grown for 30 h and transferred in 0.5-ml aliquots to 250-ml flask cultures shaken at 150 rpm. Cultures were monitored for growth by measuring the optical density of 1-ml aliquots at 650 nm and by viable plate counts on YMA (30) . For studies on utilization of various carbon sources (glucose, galactose, fructose, mannose, L-arabinose, ribose, D-xylose, L-rhamnose, maltose, sucrose, cellobiose, lactose, gentiobiose, trehalose, melezitose, raffinose, turanose, esculin, N-acetylglucosamine, ␤-methylxyloside, glycerol, adonitol, mannitol, inositol, sorbitol, D-and L-arabitol, L-xylose, L-sorbose, L-lyxose, D-tagatose, D-and L-fucose, methyl-␣-D-glucoside, mannoside, amygdalin, salicin, inulin, xylitol, gluconate, glycogen, 2-keto-gluconate, and 5-keto-gluconate), bacterial suspensions were prepared in carbon-free Robertsen medium (22) , inoculated in API 50 strips (BioMérieux, Marcy l'Etoile, France), incubated for 48 and 72 h, and evaluated according to the manufacturer's protocol. To evaluate the activities of various enzymes (acid and alkaline phosphatases; leucine, cystine, and valine arylamidase; trypsinlike activities; esterase; ␣-glucosidase; ␤-glucosidase; ␤-galactosidase; esterase-lipase; N-acetyl-D-glucosaminidase; lipase; chymotrypsin; ␣-galactosidase; ␤-glucuronidase; ␣-mannosidase; and ␣-fucosidase), bacteria were grown on Robertsen agar plates containing 1% inositol as a carbon source, suspended in sterile water to a density of 2 ϫ 10 8 cells/ml, inoculated in strips of the API ZYM system (65 l per strip; BioMérieux), and incubated for 4 h. Enzymatic activities were evaluated according to the manufacturer's protocol. Antibiotic sensitivity tests of each strain were made with 14 antibiotics (mezlocillin, tobramycin, nalidixic acid, cephalothin, ceftazidime, amoxicillin, amoxicillin plus clavulanic acid, cefotaxime, gentamicin, amikacin, tetracycline, pefloxacin, and co-trimoxazole), using the API ATB-G system (BioMérieux). The strips were inoculated, incubated for 48 and 72 h, and read against negative controls without antibiotic according to the manufacturer's protocol.
The strains used in this study, including SAF22 and its segregants SAF5118 and SAF547, did not differ in growth rate in YMB, in utilization of 43 different carbon sources, in intrinsic resistance to 14 antibiotics, or in activities of the various enzymes tested.
Next, the symbiotic phenotypes of these strains were examined. Surface-sterilized seeds of Medicago sativa cv. Aragón were germinated into humid air in the dark. For studies of nodulation kinetics, seedlings of uniform size were transferred to agar slopes (one plant per tube) containing 10 ml of the nitrogen-free medium of Rigaud and Puppo (21) . Plants were grown in a chamber with mixed incandescent and fluorescent illumination (400 microeinsteins m Ϫ2 s
Ϫ1
; 400 to 700 nm) programmed for a 16-h photoperiod, 25:17ЊC day-night cycle, and 50 to 60% relative humidity. After 2 days, plants (10 per strain) were each inoculated with 1 ml of a standardized bacterial suspension containing 10 8 cells. Root nodules were counted every 48 h from the start of their appearance over 10 consecutive days. All strains were similar in ability to induce root nodules, indicating that curing of pRmeSAF22c alone or in combination with pRmeSAF22b does not affect the ability of wild-type strain SAF22 to nodulate this host.
For studies of symbiotic effectiveness, plants were grown in Leonard jars containing sterile vermiculite as a support and irrigated with Rigaud and Puppo (21) medium adjusted to pH 7. Each strain was inoculated into five jars, each containing 10 plants. After 40 days of incubation in the growth chamber, plants were uprooted and analyzed for the number of nodules on roots and for shoot length, dry weight, and nitrogen content according to Association of Official Analytical Chemists methods (15) . A statistical study was applied to the data obtained, using Student's t test. The quantitative evaluation of symbiotic phenotypes for R. meliloti strains on alfalfa is presented in Table 1 . Wild-type strains SAP11 and SAN02 were equally effective in symbiotic nitrogen fixation, as measured by the increase in lengths, dry weights, and nitrogen contents of inoculated plants. In contrast, wild-type strain SAF22 was significantly less effective in symbiotic nitrogen fixation as measured by each of these parameters. By comparison, segregant SAF5118, heat cured of plasmid pRmeSAF22c, and segregant SAF547, heat cured of plasmids pRmeSAF22c and pRme SAF22b, were significantly more effective in symbiotic nitrogen fixation than the parent strain SAF22. The symbiotic effectiveness of these plasmid-cured segregants was similar to that of the other two wild-type strains, SAP11 and SAN02. The symbiotic studies performed with the alfalfa host indicated that curing of cryptic plasmid pRmeSAF22c results in a restoration of nitrogen-fixing nodules to a fully effective symbiosis.
The morphological features of alfalfa nodules induced by these strains were examined by microscopy. Ten nodules (typ- ical, of uniform size, and pink in color) were fixed in 3% glutaraldehyde-1% osmium tetroxide in 50 mM phosphate buffer (pH 8), dehydrated in an increasing ethanol series, and embedded in Spurr resin (25) . Toluidine blue-stained sections (2 m) of embedded nodules were examined by light microscopy, photographed, and printed. The relative proportions of sectional areas within the nitrogen fixation zone III occupied by infected cells, uninfected cells, and intercellular spaces were measured by morphometry, using a Bioquant System IV Image Analyzer (12) . Computer-assisted image analysis of the nitrogen fixation zone III showed that the proportional areas of sections occupied by infected host cells (ca. 80%), uninfected host cells (ca. 18%), and intercellular spaces (ca. 2%) were very similar in nodules induced by all strains. Light microscopic examination revealed that the cytology in the center of nitrogen fixation zone III was normal in alfalfa nodules infected with wild-type strain SAP11 ( Fig. 2A and B) or wild-type strain SAN02 (not shown). However, the center of nitrogen fixation zone III in nodules infected with strain SAF22 was different in that the tissue appeared somewhat disorganized, with bacteria occupying a smaller portion of the infected host cells and vacuoles occupying a significantly larger portion of adjacent uninfected host cells ( Fig. 2C and D) . Interestingly, none of these abnormalities were found in nodules infected with the plasmid-cured segregant SAF547 (Fig. 2E and F) or SAF5118 (not shown).
These data indicate that R. meliloti wild-type strain SAF22 has the genetic capability to develop fully effective root nodules on alfalfa, but this phenotype is attenuated by its cryptic plasmid pRmSAF22c, which interferes with the normal nodular development necessary to sustain a fully effective nitrogenfixing symbiosis. Due to the presence of pRmeSAF22c, strain SAF22 is not fully genetically compatible with M. sativa cv. Aragón, and elimination of this cryptic plasmid improves the symbiotic performance of this inoculant strain. The curing of a cryptic plasmid leading to enhanced effectiveness in nitrogenfixing ability has been previously found in certain strains of R. loti (18) . Now we are testing whether cryptic plasmid pRmeSAF22c is detrimental, neutral, or even beneficial for the effectiveness of inoculant strain SAF22 on other host genotypes. This information should help to explain the divergent results in the literature on the influence of certain cryptic plasmids in Rhizobium spp. on the development of a nitrogenfixing symbiosis with legumes.
